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The cytochrome c nitrite reductase is isolated from the
membranes of the sulfate-reducing bacterium Desulfovibrio
desulfuricans ATCC 27774 as a heterooligomeric complex
composed by two subunits (61 kDa and 19 kDa) containing
c-type hemes, encoded by the genes nrfA and nrfH,
respectively. The extracted complex has in average a
2NrfA:1NrfH composition. The separation of ccNiR sub-
units from one another is accomplished by gel filtration
chromatography in the presence of SDS. The amino-acid
sequence and biochemical subunits characterization show
that NrfA contains five hemes and NrfH four hemes. These
considerations enabled the revision of a vast amount of
existing spectroscopic data on the NrfHA complex that was
not originally well interpreted due to the lack of knowledge
on the heme content and the oligomeric enzyme status.
Based on EPR and Mo¨ssbauer parameters and their corre-
lation to structural information recently obtained from
X-ray crystallography on the NrfA structure [Cunha, C.A.,
Macieira, S., Dias, J.M., Almeida, M.G., Gonc¸alves,
L.M.L., Costa, C., Lampreia, J., Huber, R., Moura, J.J.G.,
Moura, I. & Roma˜o, M. (2003) J. Biol. Chem. 278, 17455–
17465], we propose the full assignment of midpoint reduc-
tionpotentials values to the individual hemes.NrfA contains
the high-spin catalytic site ()80 mV) as well as a quite
unusual high reduction potential (+150 mV)/low-spin
bis-His coordinated heme, considered to be the site where
electrons enter. In addition, the reassessment of the spect-
roscopic data allowed the first partial spectroscopic charac-
terization of the NrfH subunit. The four NrfH hemes are all
in a low-spin state (S ¼ 1/2). One of them has a gmax at 3.55,
characteristic of bis-histidinyl iron ligands in a noncoplanar
arrangement, and has a positive reduction potential.
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The multiheme nitrite reductase (ccNiR) catalyses the
direct conversion of nitrite to ammonia in a six-electron
transfer reaction. It is a key enzyme involved in the
second and terminal step of the dissimilatory nitrate
reduction pathway of the nitrogen cycle and plays an
important role on bacterial respiratory energy conserva-
tion [1,2]. It was first isolated in 1981 from the sulfate-
reducing bacterium Desulfovibrio desulfuricans ATCC
27774 [3], when grown anaerobically in nitrate, instead
of sulfate. Since then, a number of respiratory ammonia-
forming ccNiRs have been isolated from several nitrate-
grown bacteria as Escherichia coli K-12 [4], Vibrio
alginolyticus [5], Vibrio fisheri [6], Wolinella succinogenes
[7] and Sulfurospirillum deleyianum [8]. Although not
completely characterized, the iron-reducing bacterium
Geobacter metallireducens also exhibits cytochrome c
nitrite reductase activity [9]. Recently, another ccNiR
was purified from the sulfate reducer Desulfovibrio vulgaris
Hildenborough, a microorganism not capable of growing
in nitrate [10], suggesting that the reported nitrite reducing
activity of Desulfovibrio gigas sulfate-grown cells [11] can
also be attributed to a ccNiR. For a long time, all ccNiRs
were wrongly described as approximately 60 kDa mono-
meric proteins containing six c-type heme prosthetic
groups, as judged by pyridine hemochrome assays and
iron content determinations using the mature protein.
However, in 1993, the DNA sequence of the structural
gene (nrfA) for E. coli K-12 ccNiR was published by
Darwin et al. showing four conventional c-type heme
binding motifs (CXXCH) which led the authors to
consider it as a tetraheme cytochrome [12]. Immediately
after, new biochemical analyses on ccNiRs from W. suc-
cinogenes and S. deleyianum also support this result [13].
Later on, the reinvestigation of the sequence data of the
E. coli K-12 enzyme revealed another heme group
attached to the protein by a novel motif, where the
histidine residue was replaced by a lysine (CXXCK). It
was than established that E. coli K-12 ccNiR contains five
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rather than four covalently bound c-type hemes [12]. The
resolution of the 3D structural of NrfA isolated from
S. deleyianum [14] and W. succinogenes [15] closed this
controversy, definitively establishing the presence of five
hemes per molecule. The two structures are nearly
identical. Both enzymes crystallize as homodimers where
10 hemes are found in remarkable close packing. Except
for the substrate-binding heme CWXCK, which consti-
tutes a new reaction center, the heme core is fairly
conserved when compared to other multiheme cyto-
chromes structures, despite low sequence identity and
function. The 3D structures of the penta-heme NrfA from
E. coli K-12 [16] and D. desulfuricans ATCC 27774 are
also available [17]. In both cases, when compared with
W. succinogenes and S. deleyianum structures, the overall
protein architecture is essentially kept.
ccNiR was isolated either as a soluble periplasmic
monomer (V. fisheri, E. coli K-12, W. succinogenes, S. del-
eyianum) and/or in an inner membrane associated form
(D. desulfuricans ATCC 27774, E. coli K-12, W. succino-
genes, S. deleyianum, D. vulgaris Hildenborough). The
work of Shumacher et al. in 1994 [13] demonstrated that
ccNiR membrane preparations from S. deleyianum and
W. succinogenes comprise an additional small 22 kDa
c-type cytochrome subunit, also later identified in D. des-
ulfuricans ATCC 27774 [18–20] and D. vulgaris Hilden-
borough [10]. The corresponding gene (nrfH) sequence
from W. succinogenes encodes four heme-binding sites
(CXXCH) and a putative helical membrane anchor;
presumably, is the physiological redox partner of NrfA
[21]. However, in E. coli K-12 this role is most likely
undertaken by a periplasmic pentahemic cytochrome c,
NrfB [22].
These important developments demand the re-examina-
tion of the biochemical properties of D. desulfuri-
cans ATCC 27774 ccNiR, and its implications on the
existing spectroscopic data, which are still quite unique
among the entire knowledge in the ccNiRs field, but
interpreted on the basis of a hexahemic monomeric protein
[23,24].TheEPRspectrum(pH 7.6) showeda low-spin ferric
heme signal at gmax ¼ 2.96 and several broad resonances
indicative of heme–hememagnetic interactions (absorption-
type signal at g  3.9 and derivative type-signal with zero-
crossing at g  4.8). The EPR/redox titrations studies
allowed the further detection of a high-spin ferric heme
(substrate-binding site), pairwise-coupled (g  3.9) to
another low-spin heme with gmax ¼ 3.2 [23]. As shown by
Mo¨ssbauer measurements, the application of a strong-field
(8 T) on ccNiR decoupled all the interacting hemes. Con-
sequently, the corresponding spectra were interpreted as the
superposition of six spectral components of equal intensity,
originating from six magnetically isolated heme groups.
Distinct hyperfine parameters were derived for each individ-
ual heme: one is in the high-spin electronic configuration
(S ¼ 5/2) whilst the remainders five are low-spin (S ¼ 1/2)
with gmax values at 3.6, 3.5, 3.2, 3.0 and 2.96 [23,24].
In this communication, we report for the first time the
isolation and biochemical characterization of D. desulfuri-
cans ATCC 27774 ccNiR subunits. The stoichiometry
between NrfH and NrfA is discussed. The reassessment of
previous spectroscopic studies was undertaken, particularly
regarding the assignment of spectroscopic and redox
potentials of the NrfA hemes. In addition, the first partial
spectroscopic and redox characterization of the NrfH
subunit is also presented. Up to now, there has been no
information of this kind on any NrfH protein.
Materials and methods
Protein purification
ccNiR was purified from D. desulfuricans ATCC 27774
membrane fraction as previously described, with slight
modifications [25,26]. The soluble fraction was applied onto
a DEAE-52 column (XK26, Pharmacia), washed with
10 mM Tris/HCl pH 7.6 and then eluted with a linear
gradient of 10–500 mM Tris/HCl. The eluate fraction
containing nitrite reductase activity was ultracentrifugated
at 40 000 g, for 1 h. The nitrite reductase purity was
checked by SDS/PAGE and by UV-Vis spectroscopy.
Biochemical methods
SDS/PAGEwas carried out according to Laemmli [27]. The
standard proteins used for molecular mass determination
were from Bio-Rad (broad-range kit). The gels were stained
with Coomassie Brillant Blue or with silver nitrate [28] if
required. We also performed heme peroxidase [29] and
nitrite reductase activity staining [30]; in both cases the
sample buffer did not contain the reductive agent dithio-
treitol and, for nitrite reductase activity, the protein samples
were not boiled. Protein content was determined with the
Bicinchoninic Acid Protein Assay Kit (Pierce), using horse
heart cytochrome c as standard (Sigma). The relative
molecular mass of the ccNiR complex as purified was
estimated on a prepacked Superose 6 column 10/30 H
(Pharmacia; separation range, 5–5000 kDa) with a mobile
phase of 100 mM NaCl in 50 mM Tris/HCl (pH 7.6).
Standard proteins fromPharmacia and Sigmawere used for
column calibration. The number of heme groups per
monomer was determined as alkaline pyridine hemo-
chromes using an extinction coefficient of e550nm (red) ¼
29.1 mMÆcm)1 [31], and by iron content as given by plasma
emission spectroscopy, using an inductively coupled
plasma (ICP) source (Jobin Yvin-Horiba); the standards
were from Reagecom.
Subunit separation
In order to separate the individual ccNiR components,
protein samples were directly applied onto a Superdex 200
10/30 H (Pharmacia; separation range, 10–600 kDa) gel
filtration column, equilibrated and eluted in 0.1 M Tris/HCl,
pH 7.6 and several common protein–protein dissociation
salts (1 M sodium chloride, 8 M urea and 6 M guanidinium
chloride) and ionic detergents (CHAPS, Zwittergent 3–10,
Zwittergent 3–16 and SDS); the concentrations were to 2 or
4 times the critical micellar concentration (cmc). The
chromatograms were registered following the absorbance
simultaneously at 220 nm and 409 nm. All reagents were
from Merck, except Chaps, Zwittergent 3–10 and Zwitter-
gent 3–16 that were purchased fromCalbiochem. The excess
SDS was removed from samples using the CalbiosorbTM
adsorbent (Calbiochem).
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Activity assays
Nitrite reductase activity was determined measuring the
enzymatic consumption of nitrite per time unit. The reaction
was performed in 0.1 M phosphate buffer, pH 7.6, in the
presence of dithionite reduced methyl viologen, at 37 C [3].
The amount of nitrite left in the reaction mixture was
determined by a colorimetric assay, based on the Griess
method [32].
Primary Structure
Chemical sequencing. The N-terminal amino-acid seq-
uence of ccNiR subunits and their internal peptides were
determined by automated Edman degradation on a Pro-
ciseTM Protein Sequencer (model 491, Applied Biosystem),
composed by a 140C Microgradient Delivery System, a
785-AUV-detector and a 610-A data analysis, following the
manufacturer’s instructions. Each subunit (0.2–0.3
mgÆmL)1) was enzymatically digested for 18 h at 37 C
with endoproteinase Lys-C (Roche Molecular Biochemi-
cals) in 1 mM EDTA, 25 mM Tris/HCl buffer, pH 8.5, at
an enzyme/substrate ratio (E : S) of 1 : 50 (by mass).
Similar amounts of native protein were incubated with
a-chymotrypsin (Boehringer Mannheim) for 18 h at 25 C
in 100 mM Tris/HCl, pH 8.6, at an E : S ¼ 1 : 50.
Peptides were isolated by reverse-phase HPLC on a
Lichrospher RP-100 (Merck) column (25 · 0.4 cm, C18,
5 lm particle size).
DNA sequencing. Based on NrfH N-terminal sequence
previously acquired by chemical sequencing, the oligonucle-
otide ccNiR_GTPRNGPW, 5¢-GGIACICCIMGIAAYG
GICCITGG-3¢, was synthesized and used together with the
primer ccNiR_Cterm, 5¢-TCYTGICCYTCCCASACYT
GYTC-3¢, already used in nrfA isolation [17] to amplify by
PCR a 2000 bp DNA fragment comprising nrfH and nrfA
partial genes. The reaction was accomplished in a total
volume of 25 lL using 296 lg of genomic DNA as
template, 1.5 mM MgCl2, 0.2 mM dNTPs and 2.5 U of
Taq DNA polymerase (MBI Fermentas). Thermocycler
(Stratagene) parameters set were 94 C for 3 min, 48 C for
40 s, 72 C for 10 min, for 36 cycles. The DNA fragment
was sequenced by primer walking, using an automated
DNA sequencer (Model 373, Applied Biosystems) and the
PRISM ready reaction dye deoxy terminator cycle sequen-
cing kit (Applied Biosystems).
The molecular masses of the translated polypeptide
chains were calculated with the PROTPARAM tool (http://
www.expasy.org/tools/protparam.html). Prediction of
transmembrane helices was performed with the program
TMHMM 2.0 (http://www.cbs.dtu.dk/services/TMHMM-
2.0.html) [33]. The program LIPOP (http://psort.nibb.ac.jp)
was used for examination of lipoprotein consensus
sequences. NrfH sequence was scanned for cytochrome c
classes motifs with the program PRINTS33–0 (http://
bioinf.man.ac.uk).
Spectroscopy
The electronic and EPR spectra of the separated subunits
were recorded in the presence of 1% (w/v) SDS. UV-Visible
(UV-Vis) spectra were obtained on a Shimadzu UV-2101
PC spectrophotometer. X-Band EPR measurements were
performed on a Bruker EMX EPR spectrometer using a
rectangular cavity (Model ER 4102ST) and 100 KHz field
modulation field, and equipped with an Oxford Instrument
continuous liquid helium flow cryostat.
Results and discussion
Electrophoretic profile
Figure 1A shows the SDS/PAGE of purified ccNiR upon
different treatments. The complex dissociates into an intense
band of 61 kDa (NrfA) and a band of weak intensity of
19 kDa (NrfH), confirming its hetero-oligomeric nature
(Fig. 1, lane 1).
However, in the absence of boiling (Fig. 1A, lanes 2 and
4) high molecular mass bands of approximately 110 kDa
and >200 kDa were visible, as well as a faint band at
37 kDa, suggesting the presence of dimers. All of the bands
stained positively for heme c (Fig. 1B) but only the high
molecular mass bands (‡ 55 kDa) stained for nitrite redu-
cing activity (Fig. 1C). Gel slices containing the  110 kDa
band, boiled in the presence of dithiothreitol and submitted
to a new SDS/PAGE, yield single bands at approximately
55–60 kDa (not shown). Moreover, the SDS/PAGE
Fig. 1. SDS/PAGE (11% acrylamide) analysis of purified D. desulfuricans ATCC 27774 ccNiR membrane complex. (A) Mini-gel of 9 · 9.5 cm.
Protein treatment: Lane 1, 0.3 M dithiothreitol, boiling for 1 min; lane 2, 0.3 M dithiothreitol, no boiling; lane 3, no dithiothreitol, boiling for 1 min;
lane 4, no dithiothreitol, no boiling; lane 5, standards. The gel was stained with Coomassie Brilliant Blue. (B) Mini-gel of 9 · 9.5 cm. Protein
treatment: no dithiothreitol, boiling for 1 min. The gel was stained for heme c. (C) Gel of 16 · 18 cm. Protein treatment: no dithiothreitol, no
boiling. The gel was stained for nitrite reductase activity.
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analyses of NrfA crystals also have shown the high
molecular mass bands (not shown). Such electrophoretic
behavior suggests that the bands at approximately 110 and
37 kDa correspond to strongly attached dimers of both
NrfA (a2) and NrfH (b2), respectively. The presence of
dithiothreitol (Fig. 1A, lanes 1 and 2) did not affect
significantly the electrophoretic profile indicating that
disulfide bridges are not involved.
Purification attempt of a soluble form of ccNiR
Nitrite reductase activity was checked in the soluble cell
fraction in order to investigate the existence of a soluble
monomeric form of ccNiR, as reported on other micro-
organisms [4,6,13]. Liu and Peck detected almost 50%of the
crude extract nitrite reducing activity in the D. desulfuri-
cans ATCC 27774 soluble fraction and suggested that most
of the activity could be caused by interference of the soluble
sulfite reductase [3,25]. Our results have shown a compar-
able level of nitrite reductase activity in the soluble fraction.
In a purification attempt of a soluble ccNiR, this fraction
was submitted to ion-exchange chromatography (see
Materials and methods) but most of the activity was eluted
during the column washing procedure. The collected
fraction was slightly viscous and after ultracentrifugation,
a membranous pellet was present and the supernatant
enzymatic activity dramatically decreased. Thus, nitrite
reductase activity in the soluble fraction should be mainly
due to resuspended membrane material, not completely
sedimented from the viscous cell lysate. We may then
conclude that D. desulfuricans ATCC 27774 ccNiR is
strongly bound to the membrane. However, the sequence
of nrfA demonstrated that the gene encodes for a precursor
of NrfA, which includes an export signal to the periplasma,
and no membrane spanning elements were detected when
analyzing the primary structure features [17]. On the other
hand, analysis of NrfA sequence using the program LIPOP
(see Materials and methods) predicted a covalent lipid
attachment motif (CQDV) at the mature N-terminus
(Fig. 2; full alignment given in [17]); the lipid moiety serves
as a hydrophobic anchor for attachment to the membrane.
However, the CQDV segment is not present in NrfA
from W. succinogenes and S. deleyianum (Fig. 2). Simon
et al. demonstrated that ccNiR complex from W. succino-
genes is exclusively attached to the membrane by the NrfH
subunit [34].
The native molecular mass
The gel filtration chromatogram revealed two unresolved
peaks of high molecular mass (890 kDa and higher, data
not shown). However, the subunit composition of both
fractions seemed to be the same, as judged by their SDS/
PAGE profile (essentially, the same as Fig. 1A, lane 1).
These results indicate that ccNiR, as purified, is a mixture of
high molecular mass multimers.
The ccNiR complex (NrfHA) separation
into its components
To explore their molecular mass differences, several
attempts to isolate the ccNiR subunits were performed by
gel filtration chromatography in the presence of a number of
salts and detergents to efficiently break the protein–protein
interactions. Sodium chloride (Fig. 3A) was not able to
separate the complex. Urea and guanidinium chloride
produced an identical elution profile (not shown).
The second screening for complex separation relied on
micellar chromatography experiments. In a first attempt,
nondenaturating zwitterionic Chaps, a derivative of cholic
acid (the detergent used to extract ccNiR from D. desul-
furicans ATCC 27774 membranes, but less effective at
disrupting protein–protein interactions) was used. How-
ever, it did not dissociate the monomers efficiently
(Fig. 3A). Zwittergent 3–10 (the detergent used for crystal-
lization) was then used. The small subunit is not present
in the crystalline material suggesting that dissociation
occurred during crystallization [26]. In fact, in the presence
of Zwittergent 3–10 the chromatogram displayed import-
ant alterations (Fig. 3B), yielding two main peaks of
approximately 850 and 162 kDa. The SDS/PAGE exami-
nation of the eluted fractions (Fig. 3B, inset) revealed that
the large NrfA subunit is present in all fractions, but the
small NrfH subunit is difficult to visualize on the
polyacrylamide gel as it has an abnormal behavior,
probably due to an insufficient Zwittergent 3–10 substitu-
tion by SDS. Even so, it seems to be present in both 850
and 162 kDa forms. In this regard, the best combination of
the two subunits that match the smallest molecular mass is
a2b2. Overnight incubation of the protein in this detergent
led to a decrease of the area of the first peak and an
increase in the second one. This supports the idea that the
high molecular mass ccNiR aggregate slowly dissociates
upon Zwittergent 3–10 treatment. As ccNiR crystals took
one month to grow, there was enough time to the total
separation between the two subunits. Another attempt was
made with a similar zwitterionic surfactant, but with a
longer hydrophobic alkyl tail, such as Zwittergent 3–16.
However, it did not improve the complex separation
(Fig. 3A). Finally, we applied a strong denaturant agent,
SDS. As shown in Fig. 3C, the ccNiR complex separation
into its monomers was completely achieved using this
Fig. 2. D. desulfuricans ATCC 27774NrfAN-terminal sequence alignment.Conserved residues are shaded.., probable signal peptide cleavage site.
Numbering refers to theNrfA_Ddes sequence. NrfA_Ddes, NrfA fromD. desulfuricans ATCC 27774 (EMBLAJ316232); NrfA_Ecoli, NrfA from
E. coli K-12 (SWISS-PROT P32050); NrfA_Sdel, NrfA from S. deleyianum (SWISS-PROT Q9Z4P4); NrfA_Wsuc, NrfA fromW. succinogenes
(TREMBL Q9S1E5). This figure was prepared using PILEUP, in the Wisconsin Package Version 10.0 (Genetics Computer Group, Madison, WI,
USA) and ALSCRIPT [55].
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detergent in the elution buffer. According to the column
calibration, the molecular masses of the two observed
peaks (Table 1) are in good agreement to the NrfA and
NrfH molecular masses, as further proved by the respective
SDS/PAGE profile (Fig. 3C, inset).
After excess SDS removal from NrfA and NrfH samples
with detergent adsorbents, the individual monomers (espe-
cially NrfH) exhibited a high tendency to precipitate. Their
absorption spectra in the UV region (not shown) led us to
suspect that partial degradation occurred. Therefore, these
subunits require the presence of a detergent for stabilization.
This behavior is typical of integral membrane proteins due
to the clustering of their hydrophobic regions.
Heme content
The heme content as given by ICP measurements as well as
the hemochromopyridine assays (Table 1) indicate 5 and 4
hemes per NrfA and NrfH molecule, respectively, which is
in agreement with the number of hemes predicted from both
amino-acid sequences (see below).
Subunit stoichiometry
Densitometry analysis of the 61 kDa and 19 kDa bands
(SDS/PAGE stainedwith Coomassie Brilliant Blue) gave an
intensity ratio of two to one, respectively (not shown). The
areas comparison of the two SDS-gel filtration chromato-
graphic peaks, measured at 409 nm and 220 nm, gave a
proportion of 2.8 and 6.9, respectively (Fig. 3C). Correcting
these ratios for the number of hemes (409 nm) and peptide
bonds (220 nm) per subunit, it also indicates a stoichiometry
of 2NrfA:1NrfH. The gel-filtration experiments were highly
reproducible and independent of the protein batch. This set
of data suggests a ratio of two NrfA subunits to one NrfH
subunit. This prompts us to raise the following questions. As
the above experiments were performed in strong denaturant
conditions, does the 2 : 1 ratio correspond to the physio-
logical complex stoichiometry? Or does it mean that the
extraction procedure results in an incomplete removal of the
integral membrane subunit NrfH? The gel filtrationmicellar
chromatography in the presence of Zwittergent 3–10
(Fig. 3B) showed, among other oligomeric species, one
important peak at  162 kDa, presumably corresponding
to a a2b2 heterodimer i.e. a stoichiometry of 1 : 1. No
species revealing a 2 : 1 proportion (multiples of 140 kDa)
were recognized. Furthermore, the SDS/PAGE profile
suggested the existence of both a2 and b2 dimers. Unfortu-
nately, attempts to characterize the oligomeric status of the
native complex by MALDI molecular mass measurements
in nondenaturing conditions were unsuccessful as both
proteins did not ionized (B. Devreese, Universiteit Gent,
personal communication); in denaturating conditions, only
the two individual subunits were readily apparent (Table 1).
These results may be explained if one considers that
D. desulfuricans ATCC 27774 ccNiR extraction procedure
yields an excess of the peripheral NrfA subunit. Thus, we
propose that ccNiR is purified as high molecular mass
aggregates (‡ 850 kDa), containing the double of NrfA
subunit in respect to the NrfH subunit. Nevertheless, inside
these huge aggregates there are species of the type a2b2. The
present findings are in agreement with the reported isolation
of two different forms of ccNiR from S. deleyianum mem-
branes: a heterooligomeric high molecular mass complex,
containing the two subunits in a proportion of four NrfA to
one NrfH, and a low molecular mass form (20–30%)
constituted only by the NrfA subunit [13,21].
Fig. 3. Gel filtration chromatography ofD. desulfuricans ATCC 27774
ccNiR on a Superdex 200 10/30 HR column. The column was equili-
brated and eluted with 0.1 M Tris/HCl, pH 7.6, in the presence of (A)
(a) 1 M NaCl; (b) 1% (v/v) Chaps (2· cmc); (c) 0.0025% (v/v) Zwit-
tergent 3–16 (2· cmc). (B) 5% (v/v) Zwittergent 3–10 (4· cmc). Insets:
(a) column calibration with ferritin, catalase, alcohol dehydrogenase,
ovalbumin, chymotrypsin and ribonuclease; (b) SDS/PAGE (12.5%
acrylamide) of the collected fractions, stained with silver nitrate. (C)
1% SDS (4· cmc). The peak area ratios NrfA/NrfH at 409 nm and
220 nm are roughly 2.8 and 6.9, respectively. Insets: (a) column cali-
bration with cytochrome c, chymotrypsin, ovalbumin and bovine
serum albumin; (b) SDS/PAGE (12.5% acrylamide) of the collected
fractions, stained with silver nitrate. The chromatograms were regis-
tered at: A, 409 nm; B, 409 nm; C, 409 nm (black line) and 220 nm
(gray line). Flow was 0.3 mLÆmin)1.
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Primary structure analysis
The N-terminal sequences ofD. desulfuricans ATCC 27774
ccNiR subunits obtained by Edman degradation are as
follows.
NrfA, 24 XQDVSTELKAPKYKTGIAETETKMSAF
KGQF PQQYASYMKNNE.
NrfH, 1 GTPRNGPWLKWLLGGVAAGVVLMGVL
AYAM TTTDQRP.
The internal peptide sequences obtained by enzymatic
cleavage, as well as the nrfA and nrfH sequences determined
during the course of the chemical sequencing have been
submitted to the EMBL database under accession number
AJ316232.
The sequence of nrfA encodes for a precursor signal
peptide [17], which shows the LXXC consensus motif
recognized by signal peptidase II (Fig. 2). The peptidase cuts
upstreamof a cysteine residue towhich a glyceride-fatty acid
lipid is attached [35], i.e. between Gly23 and Cys24. This
cleavage site was experimentally confirmed by the
N-terminal sequencing of the mature protein that starts at
24th residue. The program LIPOP also predicted a lipid
attachment to Cys24. The deduced amino-acid sequence of
NrfA contains four classical c-type heme-binding motifs
CXXCH and a fifth heme-binding site CWXCK [17].
The predicted molecular mass, excluding the cleaved
23 N-terminal amino acids and the heme prosthetic groups,
is 56768 Da. The addition of five hemes gives 59848 Da,
slightly lower thanthevalueobtainedbyMALDI.Thiscould
be due to the putative post-translational lipid modification.
The deduced amino-acid sequence of NrfH appears to
carry four CXXCH consensus sequences (Fig. 4). It has a
predicted molecular mass of 16764 Da, excluding the
heme groups. The attachment of four hemes leads to a
total molecular mass of 19228 Da, which matches the
value given by MALDI (Table 1). Apparently, NrfH is
devoided of a periplasm export signal but is predicted to
be a transmembrane protein, with the bulk of the protein
facing the periplasm. The N-terminus (residues 1–10)
remains in the cytosol, while residues 11–33 are predicted
to form a transmembrane helix, which most likely acts as
a membrane anchor. The tight membrane association and
the aggregation propensity after solubilization are prob-
ably due to this hydrophobic region. These results were
obtained with TMHMM 2.0 (see Materials and methods);
the secondary structure prediction servers DAS and
JPRED, available at http://www.expasy.org, revealed
similar profiles.
Alignment and homology
The data on alignment and homology of NrfA was
discussed in reference [17]. NrfH is homologous to the
proteins of the NapC/NirT family, which has an overall
similarity of approximately 30% (Fig. 4). Cytochromes
belonging to this family act as electron mediators between
the quinol pool and a sort of periplasmic terminal acceptors
as nitrate reductase, dimethylsulfoxide reductase, trimethyl-
amine N-oxide reductase, cytochrome cd1 nitrite reductase
and fumarate reductase [1]. The infrared-MCD and EPR
analysis of the water-soluble heme domain of an expressed
NapC from Paracoccus denitrificans [36] indicated that the
four heme irons have bis-histidinyl coordination.
Except for the first heme-binding site, CASCH, three of
NrfH heme binding sites have class III cytochrome c
signature (results obtained with PRINTS33_, see Materials
and methods). This class is typically dominated by the
cytochrome c3 superfamily from Desulfovibrio genus
[37,38]. A number of tetrahemic cytochromes c3 (13 kDa)
[39,40], dimeric c3 (26 kDa) [41] and the trihemic c7 [42,43]
have their three-dimensional structure already solved, which
prompted us to investigate if the spatial orientation of at
least three of the four NrfH hemes could follow the heme
arrangements observed in cytochrome c3 superfamily, and
if the crystal structures of either cytochrome c3 or cyto-
chrome c7 could be used for modelling. However, no
significant similarity between NrfH and c3 primary struc-
tures was observed outside the heme attachment sites
(Fig. 4).
As shown in Fig. 4, the sequence pattern LGG-X3-GV-
X3-G-X4-A-X3-T-X2-E(R)-X-FCXSCHXM present in
D. desulfuricans ATCC 27774 NrfH is highly conserved in
the membrane-anchored NapC available in databases. This
segment comprises the putative transmembrane a-helix and
the heme-binding site that does not share cytochrome class
III signature. Strikingly, some residues (Ala, Thr, Glu, Phe,
Ser, His and Met) were implicated in the quinone coordi-
nation at transmembrane domains of several electron-chain
complexes. No crystallographic data or mutagenic analyses
are currently available for quinone binding cytochromes c,
making difficult a feasible identification of new Q sites.
Although quinone binding sites show a wide variability,
several aspects seem to be conserved [44,45]. Aromatic and
aliphatic residues sometimes flank the quinone ring and it is
generally observed that quinone/quinol binds into hydro-
phobic sites essentially by hydrogen bonding between the
carbonil/hydroxil head groups and a positive charged
amino acid [44,46]. Indeed, His is frequently identified as
a critical amino acid for proper quinone interaction [44]. For
example, formate dehydrogenase-N from E. coli K-12,
whose 3D structure was recently determined, has a mem-
brane-spanning diheme containing subunit that binds a
quinone molecule through the His ligand of heme b. Asp,
Gly, Met, Ala and the porfirine ring of heme b were also
recognized in van der Waals contact with the quinone
molecule [47]. Quite often, an acidic residue is present in the
Table 1. Molecular properties of D. desulfuricans ATCC 27774 ccNiR subunits.
Subunit
Molecular mass (kDa)
Heme content Iron content CXXCH/K motifsGel filtration SDS/PAGE MALDI
NrfA 67 61 61.34 5.0 ± 1.0 4.5 ± 0.2 5
NrfH 18 19 19.23 3.7 ± 0.2 3.2 ± 0.2 4
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quinone-binding pocket, probably acting as a proton shuttle
[45,46]. Recent crystallographic studies on quinone:fuma-
rate reductase from W. succinogenes [48] and E. coli K-12
[49] highlighted the role of Glu in the quinone/quinol site
constitution. As the selected NrfH segment provides several
amino acids fulfilling the above description, we propose that
the putative quinone-binding pocket of NrfH is near its
soluble domain, probably in close contact with heme 1,
which is partially embedded in the membrane, hence
facilitating the electron flow.
Spectroscopy
As isolated in SDS, NrfA and NrfH display a typical
cytochrome c-type UV-Vis spectra (not shown).
The X-band EPR spectra (10 K) of both subunits in the
presence of SDS are quite similar to each other (Fig. 5).
Two main signals were observed: a high-spin Fe(III)
(S ¼ 5/2) at g ¼ 6.1 and a typical low-spin (S ¼ 1/2) ferric
heme at g ¼ 2.96, 2.26 and 1.50. However, the high-spin
contribution to the total NrfH spectrum is minor (Fig. 5B),
suggesting that the four heme irons in this subunit are in a
low-spin state.
The high-spin species well detected in NrfA (Fig. 5A)
should correspond to a magnetically isolated form of the
heme previously assigned to the substrate-binding site [23].
In addition, a derivative-type signal with zero crossing at
g ¼ 4.28 is assigned to nonspecific bound iron.
These EPR spectral features are comparable to the ones
observed for the D. desulfuricans ATCC 27774 ccNiR
complex in the presence of SDS [19]. In fact, all the
coupling signals observed in the EPR of the native enzyme
(see Introduction) disappeared following the incubation in
this detergent. This phenomenon was attributed to the
denaturation action of SDS [19].
The EPR of the native complex exhibits a derivative-type
signal with zero-crossing at g ¼ 4.8 [23] that is absent in the
spectra of ccNiR preparations from the soluble fraction of
other organisms such as E. coli K-12 [16], W. succinogenes
and S. deleyianum [13], exclusively constituted by the
periplasmic NrfA subunit. This resonance should be
originated by internal magnetic coupling from NrfH hemes
or, if in close proximity to the NrfA, could arise from spin
coupling between hemes from both subunits.
Reassessment of the Mo¨ssbauer data
The D. desulfuricans ATCC 27774 ccNiR Mo¨ssbauer
spectra obtained in the presence of a strong magnetic
field were originally interpreted as a superposition of six
spectral components of equal intensity (16.6%) and
distinct hyperfine parameters (at the time the enzyme
was considered as a monomer containing six c-type
hemes) [23]. Following our present analysis, the enzyme is
a complex of two different subunits – the pentahemic
NrfA and the tetrahemic NrfH, implying the existence of
nine different hemes. Thus, a re-evaluation of the
Mo¨ssbauer data (native state and samples poised at
different reduction potentials), recorded at 4.2 K and 8 T,
was undertaken, considering that ccNiR samples comprise
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Fig. 4. Sequence alignment of NrfH from D. desulfuricans ATCC 27774 with members of the NapC/NirT family and cytochrome c3 from Desulfo-
vibrio species.Cysteines are coloured in green, NrfH_Ddes conserved amino-acid sequence and residues are marked in purple, residues conserved in
members of the NapC/NirT family but not in NrfH_Ddes are indicated in pink. NapC_Paer, NapC from Pseudomonas aeruginosa (TREMBL
Q9I4G5); NapC_Abra, NapC from Azospirillum brasilense (TREMBL Q8VU45); NapC_Ppan, NapC from Paracoccus pantotropha (SWISS-
PROT Q56352); NapC_Rsph, NapC from Rhodobacter sphaeroides (TREMBL O88116); CymA_Sput, CymA from Shewanella putrefaciens
(TREMBL P95832); NrfH_Ddes: NrfH from D. desulfuricans ATCC 27774, NrfH_Sdel: NrfH from S. deleyianum (TREMBL Q8VM54),
NrfH_Wsuc: NrfH fromW. succinogenes (TREMBL Q9S1E6), Cytc_Dgig: cyt c3 fromD. gigas (SWISS-PROT P00133), Cytc_Ddes: cyt c3 from
D. desulfuricans ATCC 27774 (SWISS-PROT P00134). The figure was prepared with the programs ALSCRIPT [55] and CLUSTALW [56].
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two NrfA to one NrfH subunits. According to this
stoichiometry, each NrfA heme corresponds to 14% of
the total iron absorption, and each NrfH heme corres-
ponds to 7%. From previous EPR studies [23], two sets of
low-spin ferric g-values (gmax at 2.96 and 3.20) and a high-
spin heme were observed, here assigned to the NrfA
subunit and therefore, contributing with 14% each.
The Mo¨ssbauer spectrum (Fig. 6) reveals low-spin com-
ponents with extremely large magnetic splittings, character-
istic of low-spin species with gmax higher than 3.3. In order
to fit these outer regions of the experimental spectra, we
used three different components, two from the NrfA
subunit and one from NrfH, according to the following
considerations. The original Mo¨ssbauer studies on NrfHA
complex identified two low-spin hemes with gmax values at
3.60 and 3.50. The work of Walker et al. on low-spin ferric
heme model compounds with axial imidazole ligands
correlated the gmax values larger than 3.3 with perpendicu-
larly aligned axial imidazole planes [50]. As the NrfA crystal
structure shows two bis-His ligated hemes with orthogonal
imidazole geometry [17], we assigned the gmax ¼ 3.60 and
3.50 signals to the NrfA subunit, each contributing with
14%. At this stage, all the five hemes fromNrfA were taken
into account in the new simulation (70% of total iron
absorption). Though, the next components were attributed
to the small NrfH subunit. The contribution of 28%, from
the NrfA subunit, to the large gmax low spin-hemes
(gmax > 3.3) intensity was considerably less than the
experimental value (35%). Hence, it was necessary to add
a third component with gmax ¼ 3.55 and an intensity of 7%.
According to the redox titration followed by Mo¨ssbauer
spectroscopy, this low-spin ferric heme should have a
positive reduction potential: it is titrated after the complete
reduction of the gmax ¼ 3.50 heme (E¢m ¼ + 150 mV vs.
SHE), and before reaching a potential of 0 mV (note that
the gmax ¼ 3.60 low-spin heme has a very low reduction
potential [24]). Finally, as already reported in [23], to obtain
agreement between the experimental data and the theoret-
ical simulations, it is necessary to include a low-spin ferric
heme component with gmax between 2.96 and 3.20. For this
reason, a value of gmax 3.00 was chosen for the remaining
three hemes from the small NrfH subunit, hence contribu-
ting with 3 · 7% to the total intensity. All the parameters
used in this simulationwere the same as indicated previously
[24].
In the first publication [23], the authors noticed that a
better agreement could be obtained if the contribution of the
high-spin heme was reduced from 16.6% to 14%. To
explain it, they proposed that the high-spin heme content
was less than one or, the recoilless fractions for the high-spin
and the low-spin hemes were different [23]. Now, we have
found an absolutely different justification, related to the new
biochemical characterization.
In conclusion, we have shown that the proposed
Mo¨ssbauer spectra simulation, based on the actual bio-
chemical characterization of D. desulfuricans ATCC 27774
ccNiR complex (NfrHA), plus several structural consider-
ations on NrfA, fit as well as the former simulation as they
do to the experimental data. The large subunit NrfA,
contains the high-spin heme, and four low-spin c-hemes
with gmax ¼ 3.6, 3.50, 3.2 and 2.96, while the NrfH subunit
Fig. 6. Mo¨ssbauer spectra of D. desulfuricans ATCC 27774 ccNiR
native complex (pH 7.6). The solid lines correspond to theoretical
simulations using parameters reported in [24], and assuming a subunit
content of two NrfA to one NrfH. Temperature, 4.2 K; applied field
parallel to the c-beam, 8 T.
Fig. 5. X-Band EPR spectra of D. desulfuricans ATCC 27774 ccNiR
subunits, as isolated by gel filtration chromatography in the presence of
1% SDS (in 0.1 M Tris/HCl pH 7.6). (A) NrfA; (B) NrfH. Tempera-
ture, 10 K; microwave frequency, 9.5 GHz; microwave power, 2 mW;
modulation amplitude, 1 mT.
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encloses four heme groups in a low-spin configuration, one
with gmax ¼ 3.55 and a positive midpoint reduction
potential (> 0 mV), and three with gmax ¼ 3.00, with a
midpoint reduction potential of approximately )300 mV
(Table 2).
Spectroscopy and structure correlations
The determination of the 3D structure of D. desulfuri-
cans ATCC 27774 NrfA [17] enabled to ascertain the
spatial characterization of the five hemes, namely their
proximity and the axial histidine plane angles (Fig. 7). A
correlation between individual hemes obtained spectro-
scopic (EPR andMo¨ssbauer) signals, with known reduction
potentials, and was then undertaken.
Heme 1 (according to D. desulfuricans ATCC 27774
NrfA amino-acid numbering) has the sixth axial position
vacant. Thus, is the site of substrate interaction (high-spin
heme, )80 mV). The EPR results revealed that this heme is
pairwise coupled with a gmax ¼ 3.20 low-spin heme [23].
Regarding the distance and the relative orientation to heme
1 (Fig. 7), the stronger candidate to couple is heme 3
(approximately )480 mV). Heme 2 ()50 mV) is the one
with gmax of 2.96 that is EPR detectable and is magnetically
isolated. Structurally, it is distant from the remaining hemes
and the dihedral angles of the axially coordinated His
support this assignment (Fig. 7, interplanar angles in
legend). The Mo¨ssbauer data reveals the presence of two
low-spin ferric hemes with large gmax (3.50 and 3.60). The
hemes that satisfy such requirements are hemes 4 and 5
(Fig. 7, legend). One of these hemes is magnetically isolated
(gmax 3.50) [24]. As hemes 1, 3 and 4 are almost coplanar
and heme 5 is slightly apart, this latter heme is, probably, the
magnetically isolated one. As seen by UV-Vis and Mo¨ss-
bauer spectroscopy, this heme is reduced at a positive
reduction potential (+150 mV) that is unusual for a heme
with bis-His axial ligation. Heme 4 should have gmax at 3.60
and reduction potential of approximately )400 mV.
Due to high reduction potential and heme solvent
exposure, we also propose heme 5 as the site of electron
entrance from its redox partner NrfH (Fig. 7, legend). The
solvent exposure calculations did not consider the presence
of the NrfH subunit; the presence of this integral membrane
subunit will decrease the solvent accessibility of hemes 2 and
5, which are located near the putative surface contact [17].
The redox potential of c-type cytochromes can be tuned by
approximately 500 mV through variations in the heme
exposure to solvent [51,52]. The encapsulation of the heme
group in a hydrophobic environment causes a positive shift
in the reduction potential, up to approximately 240 mV in
cytochrome c [52]. This may explain the atypical positive
reduction potential of heme 5, if in close proximity with the
hydrophobic transmembraneNrfH subunit. However, these
suggestions are purely speculative and heme 2 should not
be excluded as a candidate for the electron entrance, as
postulated [15,16].
In the NrfH subunit, it was not possible to perform the
structural assignment of the heme spectroscopic and
reduction potentials information, as there are no structures
available for NrfH like proteins or any member of the
Fig. 7. Relative spatial arrangement of
D. desulfuricans ATCC 27774 NrfA hemes
groups. The assignment of midpoint reduction
potentials to individual hemes was based on
spectroscopic considerations, combined with
the following structural data (taken from [17]).
Axial histidines angles (): heme 2, 23.3; heme
3, 54.6; heme 4, 74.8; heme 5, 78.8. Fe-Fe
distances (A˚): hemes 1–3, 9.59; hemes 2–3,
12.52; hemes 1–4, 16.74; hemes 4–5, 11.16;
hemes 3–4, 9.67; hemes 5–5 (dimer), 11.11.
Solvent accessibility (A˚2): heme 1, 34.0; heme
2, 96.0; heme 3, 2.5; heme 4, 3.0; heme 5, 70.0.
The figure was prepared with the programs
MOLSCRIPT AND RASTER3D [57,58].
Table 2. Heme assignment of D. desulfuricans ATCC 27774 ccNiR
subunits. The NrfA hemes were numbered according to the aminoacid
sequence. The NrfH hemes designation was aleatory; hemes H2 to H4
are indistinguishable from the spectroscopy point of view.
Subunit Heme gmax E¢m (mV)a
NrfA 1 6.12 )80
2 2.96 )50
3 3.20 c.)480
4 3.60 c.)400
5 3.50 +150
NrfH H1 3.55 >0
H2, H3, H4 3.00 c.)300
a vs. SHE.
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NapC/NirT family. Nevertheless, crystals of W. succino-
genes NrfHA complex have been recently reported [53].
Table 2 describes the relationship between the heme core
description and the spectroscopic and redox properties of
each identified heme from the NrfHA complex.
Conclusions
D. desulfuricans ATCC 27774 ccNiR is isolated as a mix-
ture of high molecular mass hetero-oligomeric complexes,
constituted by a large pentahemic NrfA subunit, and a
transmembrane tetrahemic NrfH subunit. The in vitro
subunit stoichiometry is two NrfA to one NrfH. However,
micellar chromatography experiments suggested that the
smallest physiological heterooligomeric unit is most prob-
ably a a2b2 complex.
NrfA is the catalytic subunit and is active as a functional
dimer. NrfH should be involved in the transfer of electrons
from the cytoplasmic membrane to NrfA, located at the
periplasm side. ccNiRs are, in general, periplasmic mem-
brane-associated proteins, but in some species (see Intro-
duction), a soluble form exclusively composed by the large
NrfA subunit could also be isolated. We found no
experimental evidences of a D. desulfuricans ATCC 27774
ccNiR soluble form. One might infer from these results that
the enzyme topology should be somewhat different in each
proteobacteria subdivision. Actually, in the c-proteobacte-
ria, both catalytic NrfA subunit and its electron donorNrfB
are soluble proteins [22]. No stable NrfAB complex was
isolated from E. coli K-12 cells [16]. In the e-group mem-
bers, such as W. succinogenes and S. deleyianum, the large
NrfA subunit shows a peripheral membrane topology,
solely bound to the membrane by the NrfH transmembrane
subunit. Therefore, can easily detach to the periplasm or
become partly solubilized during breaking up of the cells.
In other species, as the d-proteobacterium D. desulfuri-
cans ATCC 27774, the NrfA is firmly bound to the
membrane, by a putative covalently thioether-bonded lipid
of a N-terminal cysteine residue, reinforced by a strong
interaction with the periplasmic oriented membrane
anchored NrfH subunit, as experimentally demonstrated
by the difficulties in separating them. The strong interaction
between the two subunits persists even in the presence of
harsh denaturating reagents. Only SDS was able to
completely dissociate the complex into its monomers and,
even so, it did not completely eliminate the enzymatic
activity as seen by SDS/PAGE gel stained for nitrite
reductase activity. It should be noticed that attempts to
separate the components of ccNiR complex from D. vul-
garis Hildenborough (also a member of the d-subdivision)
were unsuccessful or led to the degradation of the isolated
species [10]; as a consequence, the stoichiometry of the
complex was not established. The formation of stable
NrfHA complexes in the e-proteobacteria and especially in
the d-subdivision members should be advantageous to the
bacteria, as it would facilitate the efficient electron transfer
from the proposed electron donor, quinone pool [47], to the
catalytic site.
The analysis of NrfH sequence reveals that this protein
has two putative domains: a soluble one comprising three
Class III c-type hemes (hemes 2–4), and a hydrophobic
domain, inserted in the cytoplasmic membrane featuring a
fourth heme (heme 1) probably involved in the quinol
oxidation.
The present work, in combination with previous spect-
roscopic studies [23,24] and with D. desulfuricans
ATCC 27774 NrfA heme core description reported in
[17], allowed for the first time, the complete association
betweenmagnetic signals andmidpoint reduction potentials
to each of the five different hemes. It was definitively
established that NrfA hemes exhibit a broad range of
reduction potentials, spanning from )480 to +150 mV
(pH 7.6). Heme 5 has an unusual positive reduction
potential for a bis-His axial coordination, also seen by
redox titrations followed byUV-Vis spectroscopy inNrfHA
complex from D. vulgaris Hildenborough (+ 150 mV) [10]
and in NrfA from E. coli K-12 (+ 45 mV) [54]. This is the
first complete description of midpoint reduction potentials
of heme prosthetic groups from an NrfA protein. A
previous attempt to correlate the spectroscopic signals and
midpoint reduction potentials to individual hemes of
E. coli K-12 NrfA structure was recently carried out by
Bamford et al. [16]. However, the insufficient spectral EPR
resolution of electrochemically poised samples, and the lack
of Mo¨ssbauer information (no data on uncoupled hemes),
hampered the complete assignment. In fact, heme 2 (gmax
2.91) was the only one with an unequivocal reduction
potential attribution ()37 mV), which is quite close to the
corresponding value in NrfA ()50 mV). The magnetic
coupling signal assigned to hemes 1 and 3 titrates at
)107 mV. A gmax 3.17 ()323 mV) signal was ascribed to
hemes 4/5 [16]; by comparison with our proposition, this
signal should belong to heme 4. No attribution was made to
the positive reduction potential formerly seen.
The novel Mo¨ssbauer analysis led to the description of
previously unobserved spectroscopic features, namely, a
heme of gmax ¼ 3.55, with a positive midpoint reduction
potential (> 0 mV), and three heme groups at gmax ¼ 3.00
with a midpoint reduction potential of approximately
)300 mV, all assigned to the formerly uncharacterized
NrfH subunit.
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